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FOREWORD

The work reported here was done at the request of the Army Research and
Development Command. The purpose of the work was to evaluate the reliability of
the Army's M732 Artillery Proximity Fuze in a new application. The evaluation
was done both by experimentation and by computer modeling. Results concerning
reliability are reported in NSWC TR 82-62, Reference 1 of this report. Because
of the wide applicability of computer modeling in fuze and warhead design, this
report gives details of the modeling effort. The method used was general enough
to serve as a guide for those who will use computer modeling in the future. It
demonstrates how complicated wave interaction becomes in a rather simple system.
It also shows how a criterion for detonation can be obtained from a compute?
simulation. In this case we used the familiar pzr criteria.

Approved by:

/ao—v"f? fecele )

K. F. MUELLER, Head
Energetic Materials Division
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INTRODUCTION

The Army's M732 Artillery Proximity Fuze (see Figures 1 and 2) reliably
initiates standard 5"/54 projectiles filled with explosives A-3, Comp B, and
pressed TNT. The Army Research and Development Command (ARADCOM) requested that
the reliability of initiating 5"/54 projectiles with cast TNT be evaluated in
conjunction with a plan to use the M732 fuze with cast TNT British projectiles.
The Naval Surface Weapons Center (NSWC) conducted an experimental and
computational program to evaluate reliability (reported in NSWC TR 82-20).1
To achieve reliable initiation of cast TNT, it is necessary to modify the fuze
design. The results of the experimental program are presented in NSWC TR
82-20. This report documents the computational model. Generally, the
mechanical linkages of a fuze are too complex to be modeled on a computer.
Jowever, the design may be approximated by a simple model as will be shown
later. Computations can be used to investigate fuze designs (dimensions,
tolerances, and materials). The results of the hydrodynamic modeling are
presented here. '

The M732 fuze depicted in Figures 1 and 2 was idealized to the
configuration of Figure 3. All of the components from the S and A module (see
Figure 1) to the oscillator assembly were presumed to function properly and,
therefore, omitted from the idealized configuration. The idealized
configuration consisted of a thin disc of booster explosive (CH-6) inserted in a
booster cup assembly (cylindrical metal dish). The depth of the booster cup
assembly equaled the thickness of the CH-6 disc; the inner diameter of the
booster cup assembly equaled the diameter of the explosive disc. The idealized
configuration assumes point initiation of the CH-6 on its centerline, where the
actual M732 booster explosive is initiated by a lead cup assembly approximately
0.20 inches in diameter.

Since the booster pellet (disc) is very thin, a point initiated detomation
wave will reach the bottom of the booster cup assembly (and the acceptor
explosive) before reaching the side wall of the booster cup assembly. Hence,
the acceptor explosive is shocked by a spherically expanding wave. Because of
this, it was thought to be sufficient to use a code for flow in one dimension.
Therefore, the model used for the computer simulation is as depicted in Figure 4.
Region 1 represents the CH-6 booster charge. Region 2 represents the booster
cup now given some radius of curvature due to the spherically symmetric
approximation being made. Region 3 corresponds to an air gap left when the fuze
is inserted into a projectile. Region 4 is the barrier disc, also given an
artificial radius of curvature. Region 5 is the acceptor explosive which the
fuze is intended to detonate.
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a

REGION 1

CH-6
(SIMULATED BY
PBX 9407)

DIMENSIONS IN CM

REGION 1

0.9652 CM

1.0668

1.1811

1.3081

2.3081

TYPICAL PROBLEM SETUP

REGION ZONE
REGION ZONE ALLOCATION MATERIAL THICKNESS THICKNESS

c™Mm INCHES CM
1 THROUGH 124 PBX 9407 0.9652 0.380 0.0078

125 THROUGH 151 ALUMINUM 0.1016 0.040 0.0040

VOID AIR GAP 0.143 0.045 -

152 THROUGH 183 ALUMINUM 0.127 0.050 0.0042

184 THROUGH 283 TNT 1.0 0.394 0.0100
(NON-REACTIVE)

FIGURE 4. COMPUTATIONAL MODEL USED IN THE CODE FOR FLOW IN ONE-DIMENSION
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Figure 4 gives relevant dimensions, and zone and region assignments for a
typical computation. It should be noted that regions 1, 2, 4, and 5 are divided
into zones. Region 3 is designated as "void,"” and because region 3 is massless
compared to the metal structures and the explosives, it needs no zoning. The
"detonation” commences at zonme 1 and sweeps through region 1 (the booster). The
detonation wave of region 1 drives a non-reactive shock in the aluminum booster
cup (region 2), causing it to move across the void (region 3). Eventually the
moving aluminum body strikes the aluminum exploder well (region 4), forming a
shock wave which travels through that region and finally into the not-yet-
reacting warhead explosive (region 5).

The hydrodynamic data for the booster explosive (region 1) were approximated
conservatively. The tactical explosive is CH-6 at a density of 1.614 to 1.628
g/cm3, CH-6 being an RDX explosive with 2.5 percent of diluent. We used the
Jones, Wilkins, and Lee (JWL) equation of state for PBX-9407 at a density of 1.60
g/cm3; PBX-9407 is also an RDX explosive, but with 6 percent diluent. Since we
used data for a weaker (more dilute and less dense) explosive, the computed shock
levels can err only on the low side. This is a very conservative prediction of
detonation-transfer reliability.

The transfer of a detonation wave from the booster explosive to the
acceptor explosive was modeled using the computer code WONDY IVZ which
computes flow in one dimension.

Among the design variations modeled was the booster cup metal. Aluminum,
zinc and steel were considered. Stainless steel was used instead of mild steel
because of the difficulty of developing an equation of state for mild steel due
to the presence of a phase transition. Other design variations include
thickness of explosives, metals, and air gaps.

The quantities calculated with WONDY IV include space-time histories of
each interface, pressure time history of the interfaces, and velocity of the
interfaces. With this information, the pzr shock initiation criteria was used
to assess reliability.

THE COMPUTER PROGRAM

The computer program used for the calculations is known as WONDY IV.2
The program integrates the differential equations which describe the propagation
of waves of finite amplitude. It belongs to the class of codes sometimes
referred to as artificial viscosity codes or Q-codes or hydrocodes. These codes
introduce an artificial viscosity so that a discontinuity that would otherwise
be a shock front, is spread out in space over a few zones or cells. This
procedure greatly simplifies the computational process because shocks (and other
discontinuities) are treated with the same equations as are continuous waves,
e.8., a rarefaction wave. The loss of accuracy, for example, at a shock front,
is more than compensated for by the simplicity of such codes.

b

»

( «
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THE EQUATIONS OF STATE

The WONDY IV code makes use of what is usually called a Mie-Gruneisen type
equation of state. Equations of state (EOS) are provided for solids,
explosives, and perfect gases. The EOS for solids used in these calculations
can describe elastic-plastic flow. This EOS uses the Hugoniot of a material for
input that is usually done by describing the Hugoniot as a linear relation
between the shock and particle velocities. Other input data required by the
code are the bulk modulus, K, the shear modulus, G, the yield strength, Yo,
and the Grunelsen ratio, I'. Any of these four may be expressed as variables
deperdent on the state in the solid. In the computations described in this
report, T was allowed to vary with specific volume, V, in the following way:

TV = roVp (1)

where the subscript means the value of the parameter at ambient conditions.
The parameters C,, the initial bulk sound speed, and s relate the shock
velocity U, and the particle velocity u by

U=2Co+su . (2)

Values of the equation of state parameters are given in Table 1. Here TNT is
represented as a non-detonating material.

The yield strength Yy, is the stress at which the material is no longer
elastic. The adiabatic bulk modulus at zero pressure and room temperature is
calculated from

Ry = o9 Co | (3)

where the subscript 0 refers to the ambient state and pg is the ambient
density. Similarly

Gop = 3Kg(1-2v)/(2(1-v)) (4)

where v is the Poisson ratio, here taken to be 0.333 for stainless steel and
aluminum, and 0.0 for non-detonating TNT. Values of the parameters Pos Tos

Co and s are given in Table 1 for stainless steel (SS), aluminum and unreacted
INT.
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TABLE 1. EQUATION OF STATE DATA

Material Density Co s r v Yo
g/cm cm/usec megabar
STAINLESS STEEL3 7.896 0.4569 1.49 2.17 0.33 0.006
TNT4 1.614 0.239 2.05 0.737 0.0 0.0
A1(6061)° 2.70 0.537 1.34 2.10 0.33 0.003
ZINCO 7.14 0.365 1.559  2.45 0.33 0.0

For some explosives, the behavior of the detonation product gases is
described by the JWL equation of state./ This is an empirically derived
relation involving the pressure, p, the demsity, p, and the energy E. The
relation is as follows:

~R.p0A~/p -R,p./p 2
P=A ( - E9§—>e 170 + B (l - EE%—)e 2°0 - %2— E, (5)
1"0 270 0

where A, B, w, Ry, and Ry are fixed parameters for any particular

explosive. Table 2 gives the values for the equation of state parameters for
PBX-9407. The explosive energy is put into the array for each cell during the
initialization of the computations. :

TABLE 2. JWL EQUATION OF STATE PARAMETERS FOR PBX-94078

00 D A B Rl R2 W EQ
EXPLOSIVE (g/cm3) (cm/us)  (mbar) (mbar) (mbar-cm3/cm3)
PBX=-9407 1.6 0.791 5.73187 0.14639 4.6 1.4 0.32 0.0538

DETONATING THE EXPLOSIVE

The energy of the explosive can be released in three different ways by the
code. One way is described as the "time to burn” scheme.’/ At the start of
the computations, the distance from the point of detonation (center of the
sphere of explosive in the work given here) to each cell is calculated. The

[}
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time that a particular cell releases energy is then determined by dividing the
distance by the detomation velocity. A viscosity type parameter spreads the
"detonation” front over three or four cells so that the equations for continuous
flow can be used.

The scheme described above is used when the time and position are known for
initiation. This is not known in cases in which a plate or projectile impacts
an explosive, or when a detonation passes from one explosive to another. For
such an event, a volume fraction is used as the criterion for release of the
energy of a cell of explosive.7 As the explosive is compressed by impact of a
projectile, or by the detonation of an adjacent explosive, the parameter

F=(1- V/Vo) : (1 - Vog/vg) (6)

is computed. Here V is the specific volume of the compressed material, Veg is
the specific volume of the explosive at the Chapman-Jouguet (CJ) plane, and Vo
is the specific volume of the undetonated explosive. Initially F is zero. When
its value becomes 0.05, a fraction of the energy in the cell is released. More
energy is released as the pressure is increased during successive steps in

time. After a time the value of F for a given cell becomes equal to, or greater
than 1.0. When this happens, F is set to 1.0, and no further energy is released
from that cell. A viscosity-like parameter is used to spread the detonation
front over. several cells, so that the equations for continuous flow can be used.

DISCUSSION OF RESULTS

In order to predict whether a particular pressure wave will initiate an
explosive, a criterion relating the transient conditions in the wave to the
detonation formation must be available. It was first noticed by Hubbard and
Johnson,9 using numerical calculatioms, that for square pressure pulses of
given height, there exists a minimum pulse duration required to obtain
detonation. Subsequently, Walker and WasleylO proposed an initial energy
criterion for detonmation. This implied that initiations would be achieved if
the wave was such that a certain critical value of the quantity pzr was
exceeded. Here p is the pressure of the square pulse, and t is the pulse
duration. This criterion is referred to as the p4t criterion. Although
originally conceived for a square pulse, the criterion is sometimes applied when
the pulse is not square. In this case, it is assumed that the critical quantity
is given by the integral of p2 with respect to time. This is the way the
criterion will apply in this report. It should be noted that the semsitivity of
explosives is not well understood, and that many different phenomena can enter
into the determination of when an explosive will detonate. However, various
experimental studies of the pzr criterion suggest that it is at least a
plausible criterion to use, and will produce dependable order of magnitude
correlations between pressure waves with pzr larger than the critical value
and the initiation of detonation.

In order to use the pzr criterion to evaluate the computations previously
described, there must be available a value of p2t (critical) for TNT from
experimental observations. Such data are scarce, and only one source




NSWC TR 86-498

will be used here. Taylor and Erwin11 gave results from plate impact
experiments; these results are given in Tables 3 and 4. The tables are
self explanatory. Recall that the equation of state used for TINT in the
calculations was for cast TNT which had a density of 1.614 g/cm3. The
greatest density for TNT in the two tables is 1.55 g/cm3 for pressed
charges. Note that the values of pzr, called pz(Ar) by Taylor, depend
on the density of the TNT, on the coarseness of the TNT before pressing,
and the thickness of the flyer plate. The value 324.0 kbarz-usec is
given in the first column of Table 3.

TABLE 3. CRITICAL ENERGY FOR DETONATION FOR TNT

Flyer Plate Thickness

(in. nominal) 0.040 0.040 0.040 0.125
Flyer Plate Kinetic

Energy (cal/cm2) 22.0 23.2 43. 60.1
Explosive Density (g/cm3) 1.55 1.55 1.3 1.3
Grain Size Fine Coarse Coarse Coarse
Explosive Pressure (Kbar) 29.5 30.5 32:0 18.2
Explosive Particle

Velocity (mm/usec) 0.578 0.592 0.871 0.627
Pulse Time (usec) 0,372 0.371 0.370 1.142
Pu(At)(cal/cm?) 15.2 16.0 24.6 31.1
P2(At)(kbarl-psec) 324, 346. 378. 378.

TABLE 4. ALUMINUM FLYER PLATE AGAINST COARSE GRAIN TNT
(D = 1.30 g/cm3)

Flyer Plate Thickness

(in. nominal) 0.040 0.125 0.125 0.125 0.125 0.125 0.125
Flyer Plate Kinetic
Energy (cal/cm?) 43.0  45.3 51.3  54.2  56.2  60.1 63.4

Reaction Products

Velocity (mm/usec) 9.75 6.28 7.60 8.17 8.87 9.42 9,57
Explosive Pressure

(kbar) 32.0 14.7 16.1 16.8 17.4 18.2 18.0
Explosive Particle

Velocity (mm/usec) 0.871 0.553 0.584 0.598 0.611 0.627 0.643

Pulse Time (usec) 0.370 1.149 1.145 1.145 1.142 1.142 1.138
Pu(At)(cal/cm?) 24.6 22.2 25.8 27.5 29.0 1.1 33.2
P2(At) (kbarl-psec) 378 247 298 323 346 378 411

10
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The first set of computations involves a series in which the size of the
air gap between the booster cup and exploder well is varied. In all cases the
radius of the booster charge, PBX-9407, is 0.965 cm, the thickness of the
booster cup (aluminum) is 0.102 cm, and the thickness of the exploder well
(aluminum) is 0.127 cm. These are values for the baseline design. For case 1
the air gap = 0 cm. The pressure-time profile obtained at a point in the TNT
acceptor adjacent to the exploder well interface is shown in Figure 5. The
calculated integral of pzr is 2780 kbar2-usec, where the integral was
evaluated over a time interval of 2.31 usec. The peak pressure was 100 kbar.
In case 2 the air gap was 0.051 cm, and the pzr integral, evaluated over an
interval of 2.31 upsecs, is equal to 2580 kbar2-usec. The pressure—-time
profile is given in Figure 6, and we see that the peak pressure achieved was 111
kbar. Finally, the third case refers to an air gap of 0.229 cm, and the
pressure profile in the acceptor INT is given in Figure 7. The pzr integral,
evaluated for 2.31 usec, is 2190 kbarz—usec, and the peak pressure achieved
was 119 kbar. The above results are also given in Table 5.

TABLE 5. DIMENSIONS OF MODELS AND RESULTS

PBX-9404 FIRST THICKNESS PEAK
CASE RADIUS SHELL FIRST SHELL GAP  PRESSURE rp2de
cm cm cm mbar kbar? usec .FIGURE

1 0.965 ALUMINUM 0.1016 0.0 100 2780 5
2 0.965 ALUMINUM 0.1016 0.051 111 2580 6-
3 0.965 ALUMINUM 0.1016 0.229 119 2190 7
4 1.120 ALUMINUM 0.1016 0.1143 ;27 3771 8
5 1.270 ALUMINUM 0.1016 0.1143 143 4575 9
6 0.863 ALUMINUM 0.2032 0.1143 65 1590 10
7 0.965 STEEL 0.1016 0.1143 98 2020 11
8 0.965 ZINC 0.1016 0.1143 81 1980 12

Note: Outer shell is aluminum in all cases with thickness of 0.127 cm.

Observe that as the air gap increases in size, the peak pressure
experienced by the TNT acceptor increases, whereas the integral of pzr goes
down. The increase in peak pressure is explained by the fact that the booster
cup acts as a flying plate to generate the shock in the explosive when there is
an air gap. The larger air gaps allow the detonation product gases to

11
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FIGURE 5. CASE 1, NO AIR GAP
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FIGURE 6. CASE 2, AIR GAP =0.051 CM
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FIGURE 7. CASE 3, AIR GAP = 0.229 CM
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